In Brief
Sequestration of key nucleocytoplasmic transport factors in stress granules exacerbates neurodegeneration, and blocking this aspect of the stress response ameliorates effects in a model of C9-ALS/FTD.
INTRODUCTION
A GGGGCC (G 4 C 2 ) hexanucleotide repeat expansion in chromosome 9 open reading frame 72 (C9ORF72) is the most common genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (DeJesus-Hernandez et al., 2011; Renton et al., 2011) . The driver of neurodegeneration in C9ORF72-mediated ALS/FTD (C9-ALS/FTD) is believed to be toxic gain-of-function derived from (1) the G 4 C 2 mRNA and/or (2) its translation products, dipeptide repeat proteins generated via repeat associated, non-AUG translation (Ash et al., 2013; Donnelly et al., 2013; Mori et al., 2013) . Arginine-containing dipeptide repeat proteins, poly-glycine-arginine(GR) and polyproline-arginine(PR), are particularly cytotoxic when overexpressed (Kwon et al., 2014; Mizielinska et al., 2014) .
Previous studies from our group and others have identified nucleocytoplasmic transport defects as a critical event in the pathogenesis of C9-ALS/FTD (Freibaum et al., 2015; Jovi ci c et al., 2015; Zhang et al., 2015) , Huntington's disease (Gasset-Rosa et al., 2017; Grima et al., 2017) , and Alzheimer's disease (unpublished data) . G 4 C 2 mRNA binds and sequesters Ran GTPase activating protein (RanGAP1), leading to cytoplasmic mislocalization of its target, Ran GTPase (Ran) that is normally enriched in the nucleus (Zhang et al., 2015) . Ran is a key nucleocytoplasmic transport regulator, and its nuclear-to-cytoplasmic gradient regulates the transport of proteins and RNAs through the nuclear pore complex (NPC) (Steggerda and Paschal, 2002) . Because cytoplasmic mislocalization and aggregation of nuclear Tar-DNA binding protein 43 (TDP-43) is the pathological hallmark of ALS and most cases of FTD (Neumann et al., 2006) , we postulate that disrupted nucleocytoplasmic transport may be a common pathogenic event in many types of ALS/FTD and other neurodegenerative diseases.
Stress granules (SGs) are membrane-less, RNA/protein condensates assembled upon diverse cellular stressors (Protter and Parker, 2016) . Upon protein misfolding stress, polysomes disassemble, halting the translation of mRNAs that are subsequently embedded into SGs enriched in RNA binding proteins (Anderson and Kedersha, 2008) . SG assembly involves liquidliquid phase separation (LLPS) by proteins with low complexity sequence domains (LCDs), including TDP-43, FUS, and other heterogeneous nuclear ribonucleoproteins (hnRNPs) implicated in ALS (Molliex et al., 2015; Patel et al., 2015) . SGs may play a role in ALS pathogenesis by inducing toxic deposition of these RNA-binding proteins, as most ALS-causing mutations in TDP-43 and some hnRNPs are found in their LCDs (Li et al., 2013) . These mutant hnRNPs, as well as arginine-containing dipeptide repeat proteins, have also been shown to impair SG dynamics and function (Lee et al., 2016; Molliex et al., 2015) . Furthermore, mutations in TIA-1 (Mackenzie et al., 2017) or Ataxin-2 (Elden et al., 2010) , two crucial SG components (Gilks et al., 2004; Nonhoff et al., 2007) , have been identified to either cause ALS or increase its risk. In addition, Ataxin-2 is a genetic modifier of neurodegeneration in ALS animal models, potentially through modulation of SG dynamics (Becker et al., 2017; Kim et al., 2014; Lee et al., 2016) .
Although impaired nucleocytoplasmic transport and SG assembly can both lead to cytoplasmic mislocalization and deposition of TDP-43 or FUS, the connections between the two processes remain unclear. Importin a and b proteins have been previously identified as constituents of SGs (Chang and Tarn, 2009; Fujimura et al., 2010; Mahboubi et al., 2013) , but their role in SG function is unknown. Here, we show that many nucleocytoplasmic transport factors are localized to SGs when exposed to stressors or mutant proteins implicated in ALS pathogenesis, leading to impaired nucleocytoplasmic transport. Importantly, SG inhibitors suppress nucleocytoplasmic transport defects as well as neurodegeneration in C9-ALS/FTD models. These findings link nucleocytoplasmic transport and SG assembly in a unified pathway contributing to the pathogenesis of C9-ALS/FTD.
RESULTS

Cellular Stress Disrupts Nucleocytoplasmic Transport
Mislocalization of TDP-43 from the nucleus to cytoplasm is a common cytological event in ALS and believed to be a contributor to disease pathogenesis (Neumann et al., 2006) . Given the important role of Ataxin-2 in modulating TDP-43 toxicity (Becker et al., 2017; Kim et al., 2014) , we first analyzed whether Ataxin-2 regulates nucleocytoplasmic transport using a tdTomato protein tagged with a canonical nuclear localization signal (NLS) and a nuclear export sequence (NES) that shuttles between the cytoplasm and nucleus (Shuttle-tdTomato, or S-tdTomato) (Zhang et al., 2015) . When expressed alone, S-tdTomato is enriched in the nucleus of HEK293T cells, whereas transient co-expression of Ataxin-2 leads to S-tdTomato cytoplasmic mislocalization ( Figure S1A ), suggesting that upregulating Ataxin-2 disrupts nuclear import. In addition, Ran GTPase (Ran) is a key regulator of nucleocytoplasmic transport that is normally enriched in the nucleus but mislocalized to the cytoplasm in C9-ALS (Zhang et al., 2015) . As shown in Figure S1B , Ran is mislocalized to the cytoplasm in cells overexpressing Ataxin-2, further suggesting that upregulating Ataxin-2 disrupts nucleocytoplasmic transport.
Given that Ataxin-2 is an essential component of SGs (Nonhoff et al., 2007) , we hypothesized that SG assembly could regulate nucleocytoplasmic transport. To test this hypothesis, we first treated HEK293T cells expressing S-tdTomato with 0.5 mM sodium arsenite, commonly used to induce stress granules. Sodium arsenite causes oxidative stress and protein misfolding, leading to eIF2a phosphorylation, stalled translation, and SG assembly (Bernstam and Nriagu, 2000) . As shown in Figure 1A , sodium arsenite causes cytoplasmic mislocalization of S-tdTomato in a time-dependent manner. In addition, we also treated S-tdTomato-expressing cells with 0.4 M sorbitol, a stressor that causes hyperosmosis and SG assembly independent of eIF2a (Bevilacqua et al., 2010; Kedersha et al., 2016) . As shown in Figure 1A , sorbitol also causes cytoplasmic mislocalization of S-tdTomato. A 1-hr treatment with sodium arsenite or sorbitol causes SG assembly, as indicated by cytoplasmic puncta of Ataxin-2 ( Figure 1A) . Thus, inducing SGs disrupts nucleocytoplasmic transport.
To further test whether the cytoplasmic mislocalization of S-tdTomato is due to disrupted nucleocytoplasmic transport rather than other effects of these stressors, we treated stressed cells with KPT-350 (KPT), a selective inhibitor of Exportin-1-mediated nuclear export (Haines et al., 2015) . As shown in Figure 1B, a 5-min KPT treatment completely reverses S-tdTomato mislocalization caused by 1-hr arsenite or sorbitol stress, suggesting that this phenotype is indeed due to an imbalance between nuclear import and export. We also tested another reporter, S-GFP that is normally enriched in the cytoplasm (Woerner et al., 2016) , and found that both arsenite and sorbitol cause nuclear mislocalization of S-GFP ( Figure 1C ). However, like S-tdTomato, S-GFP does not form immobile cytoplasmic aggregates under stress, as KPT also causes it to localize to the nucleus ( Figure S1C ). Together, our data suggest that acute cellular stress causes an imbalance between nuclear import and export.
Nucleocytoplasmic Transport Factors Localize to Stress Granules
To understand how stressors disrupt nucleocytoplasmic transport, we analyzed the localization of Ran in arsenite-or sorbitol-treated HEK293T cells. As shown in Figure 2A , either arsenite or sorbitol causes cytoplasmic Ran accumulation that co-localizes with Ataxin-2 puncta, suggesting that Ran localizes to SGs. We further verified the localization of Ran in SGs using two additional SG markers, G3BP1 and TIA-1, in different cell types (Protter and Parker, 2016) (Figures S2A and S2B ). Together, our data suggest that Ran localizes to SGs upon different stressors in multiple cell types.
Although sorbitol disrupts the nuclear versus cytoplasmic Ran gradient, this gradient is not changed upon arsenite treatment ( Figure S2C ). In addition, only around 2% of total cellular Ran is found in arsenite-induced SGs ( Figure S2D ), suggesting that other factors might contribute to nucleocytoplasmic transport disruption. Importins and Exportins are transport factors regulated by Ran that carry protein cargos with an NLS and/or NES to undergo nuclear import or export, respectively. Cytoplasmic proteins with a canonical NLS, including TDP-43, bind to Importin a1/b1 complex for nuclear import, whereas proteins with a noncanonical NLS, such as FUS and hnRNP A1, bind to Importin b2 for import (Fridell et al., 1997) . In the nucleus, Exportin-1 binds to the NES of cargo proteins for their export. As shown in Figures  2B, S2D , and S2E, Importin a1, b1, and b2 and Exportin-1 all colocalize with the SG marker TIA-1 upon arsenite or sorbitol treatment, consistent with previous findings (Chang and Tarn, 2009; Fujimura et al., 2010; Mahboubi et al., 2013) .
The NPC consists of 30 nucleoporins (Nups), through which macromolecules enter and exit the nucleus. Previous studies have shown that some Nups modulate C9ORF72-mediated toxicity and are accumulated in C9-ALS/FTD patients and animal models (Freibaum et al., 2015; Zhang et al., 2015 Zhang et al., , 2016 . As SGs may contribute to ALS pathogenesis by triggering the aggregation of its component proteins (Li et al., 2013) , we hypothesized that some Nups may also localize to SGs. Indeed, as shown in Figures 2B, S2D , S2E, and S3A, and Table S1 , 14 out of 20 tested Nups co-localize with SG markers upon arsenite and/or sorbitol treatment, including Nup205, Nup50, and POM121 that are accumulated in C9-ALS/FTD patients and/or animal models. (C) HEK293T cells expressing S-GFP stained with Ataxin-2 (red), GFP (green), and DAPI (blue). N, nuclear; W, whole cell; n, numbers in graph; ns, not significant. *p < 0.05; **p < 0.01; ****p < 0.0001. Data are represented as mean ± SEM. See also Figure S1 .
Together, our data suggest that some Nups also localize to SGs. Notably, Nups that localize to SGs (Table S1 ) do not belong to specific NPC subcomplexes, and include both Nups with and without phenylalanine-glycine (FG)-repeat motifs that have been shown to undergo LLPS (Shi et al., 2017) . In addition to Nups, previous studies have found that THOC2, a protein involved in mRNA export, mislocalizes and aggregates in cells overexpressing disease-related, LCD-containing proteins (Woerner et al., 2016) . As seen with many Nups, either arsenite or sorbitol causes THOC2 to localize to SGs (Figures 2B and S2E) , suggesting that SG assembly may also mediate THOC2 aggregation. In contrast, RanGAP1, Ran-Guanine nucleotide exchange factor (RanGEF) that opposes RanGAP1 in Ran regulation, and nuclear envelope protein Lamin B1 do not localize to SGs ( Figure S3C ). Therefore, our data suggest that many nucleocytoplasmic transport factors, including Ran, Importins, Exportin-1, multiple Nups, and THOC2, localize to SGs.
Nucleocytoplasmic Transport Factors Are Constituents of Stress Granules
SGs are sedimentable, protein/RNA condensates, which differ from both soluble complexes and insoluble aggregates (Banani et al., 2017) . They consist of ''cores'' with high protein/RNA concentration and a surrounding ''shell'' with less concentrated material that weakly interacts with cores (Jain et al., 2016) . Both the cores and shells can be enriched from the whole cell lysate by a series of centrifugations, and the cores can be further purified from the enriched fraction by immunoprecipitation (IP) of GFPtagged G3BP1, a SG core protein. Furthermore, the same IP can co-purify both cores and shells if they are crosslinked by paraformaldehyde. Indeed, these approaches followed by mass spectrometry identified some nucleocytoplasmic transport factors, including Importins, Exportins, and several Nups, within purified SG shells (Jain et al., 2016) , consistent with our staining data (Figures 2, S2 , and S3).
As crosslinking by paraformaldehyde is not compatible with western blot analyses, we used alternative approaches to confirm that nucleocytoplasmic transport factors are recruited to SGs. As shown in Figure 3A , Ran, Importin a1, b1, and b2, and several Nups (Nup205, Nup88, and Nup50) are enriched in the sedimentable fraction containing SGs (P 18000 ) of arsenitestressed cells ( Figure 3A ), compared to non-stressed cells. As internal controls, two SG core proteins, Ataxin-2 and G3BP1, are also enriched in this fraction, in contrast to a previously known non-stress granule protein, large ribosomal subunit RPL5 (Kimball et al., 2003) . Together, these data suggest that arsenite causes nucleocytoplasmic transport factors to localize to sedimentable condensates consistent with SGs. However, we did not detect S-tdTomato in the stress granule-enriched fraction (P 18000 , Figure 3A) , consistent with our data that S-tdTomato is mobile under stress ( Figure 1B) . Therefore, our data suggest that nucleocytoplasmic transport factors are constituents of SGs.
To further investigate how nucleocytoplasmic transport factors are recruited to SGs, we performed co-immunoprecipitation (coIP) of G3BP1 using a U-2 OS cell line stably expressing GFPtagged G3BP1 (Figley et al., 2014 ) that has been widely used to study SG assembly (Boeynaems et al., 2017; Jain et al., 2016) . As shown in Figure 3B , several nucleocytoplasmic transport factors interact with G3BP1 upon arsenite treatment, which is not disrupted by RNase, suggesting RNA-independent interactions. In addition, the interaction of G3BP1 with Importin a1, Importin b2, or Nup205 is inhibited by one molar sodium chloride (Figure 3B) , suggesting an electrostatic interaction. Conversely, the interaction of G3BP1 with Ran, Nup88, or Nup50 is not inhibited by one molar sodium chloride alone but diminished by a mixture of sodium chloride and 6% 1,6-Hexanediol, an aliphatic alcohol that disrupts hydrophobic interactions (Shi et al., 2017) . Together, these data suggest that both electrostatic and hydrophobic interactions mediate the recruitment of nucleocytoplasmic transport factors to SGs.
Because SG proteins FUS and hnRNPs are also cargos of Importin b2, we tested whether Importin b2 is recruited to SGs via its cargos by transiently expressing a peptide inhibitor M9M that competes with Importin b2 for NLSs (Cansizoglu et al., 2007) . As shown in Figure 3C , transient expression of maltose binding protein (MBP)-tagged M9M (Bernis et al., 2014) prevents localization of Importin b2 to SGs, compared to the MBP control. In accord with these data, a chemically synthesized M9M, but not a control peptide, inhibits the interaction between Importin b2 and G3BP1-GFP in a dose-dependent manner in coIP assays ( Figure 3D ), suggesting that the cargobinding domain of Importin b2 mediates its recruitment to SGs. To further test this hypothesis, we expressed a GFP-tagged Importin b2 with mutations (W460A: W730A) that significantly decrease its NLS-binding activity (Lee et al., 2006) . As shown in Figure 3E , the level of mutant Importin b2 in SGs upon arsenite treatment is significantly reduced, compared to the wild-type control. Hence, our data suggest that Importin b2 is recruited to SGs via its cargo-binding domain.
Arsenite Disrupts Nucleocytoplasmic Transport via Stress Granules
To determine whether SGs mediate the nucleocytoplasmic transport disruption under stress, we tested whether inhibiting SG assembly with Ataxin-2 knockdown (Becker et al., 2017) suppresses stressor-induced nucleocytoplasmic transport defects. We observed that Ran ( Figure S1D ) and other transport factors (data not shown) do not form cytoplasmic puncta in arsenitetreated HEK293T cells expressing Ataxin-2 RNAi. However, we were not able to analyze the localization of S-tdTomato or S-GFP, as knockdown of Ataxin-2 suppresses expression levels of these fluorescent proteins (data not shown). We therefore used two alternative approaches to inhibit arsenite-induced SGs assembly: (1) previously identified inhibitors GSK2606414 (GSK) (Axten et al., 2012) and integrated stress response inhibitor (ISRIB) (Sidrauski et al., 2015) and (2) genetic ablation of G3BP1 and 2 (Protter and Parker, 2016) .
GSK is a selective inhibitor of PERK that phosphorylates eIF2a upon arsenite stress (Axten et al., 2012) and thus inhibits SG assembly, whereas ISRIB inhibits SG assembly downstream of eIF2a (Sidrauski et al., 2015) . As shown in Figures 4A-4C , a 4-hr pretreatment with either GSK or ISRIB suppresses mislocalization of S-tdTomato or S-GFP caused by 1-hr arsenite treatment in HEK293T cells, suggesting that both inhibitors suppress arsenite-induced nucleocytoplasmic transport defects.
Besides inhibiting SG assembly, both GSK and ISRIB have also been shown to restore translation inhibited by arsenite stress (Sidrauski et al., 2015) . Thus, it is possible that GSK and ISRIB suppress arsenite-induced S-tdTomato or S-GFP mislocalization by upregulating the translation of these fluorescent proteins and/or transport factors. However, as shown in Figure S4A , GSK and ISRIB do not affect the total levels of S-tdTomato, S-GFP, Ran, Importins, or Nup205. Indeed, neither arsenite nor sorbitol affect the levels of these proteins, suggesting that these stressors, as well as GSK and ISRIB, do not modulate nucleocytoplasmic transport via down-or upregulating transport factors and S-tdTomato or S-GFP. Furthermore, mislocalization of S-tdTomato caused by siRNA-mediated loss of Ran or Importin a1 ( Figure S1E ) is not suppressed by GSK or ISRIB, and Ran or Importin a1 RNAi does not induce SG assembly ( Figure S1F ). Hence, our data suggest that GSK and ISRIB suppress arsenite-induced nucleocytoplasmic transport defects via inhibiting SG assembly.
Our second approach to inhibit SG assembly is to generate a U-2 OS cell line with double knockout (KO) of G3BP1 and 2 (G3BP) using CRISPR/Cas9. A prior study that independently generated this cell line showed that G3BP KO cells do not assemble SGs when treated with some stressors, including arsenite (Kedersha et al., 2016) . Similarly, our G3BP KO cells do not assemble SGs upon arsenite treatment, as indicated by a lack of cytoplasmic puncta positive for Ataxin-2 or TIA-1 (Figure S4B ). Importantly, in G3BP KO cells, arsenite treatment does not cause mislocalization of S-tdTomato ( Figure 4D ), demonstrating that arsenite-induced nucleocytoplasmic transport defects require SG assembly. In contrast, sorbitol induces SG assembly independent of G3BP ( Figure S4B ), and consistent . WCL, whole cell lysate; P 18000 , pellet from 18,000 3 g; S, supernatant after 18,000 3 g; n, numbers in graph; ns, not significant. *p < 0.05; **p < 0.01; ****p < 0.0001. Data are represented as mean ± SEM. See also Figure S4 .
with these data, sorbitol causes cytoplasmic mislocalization of S-tdTomato in G3BP KO cells to a similar degree as the control ( Figure 4D ). In contrast to GSK and ISRIB (Sidrauski et al., 2015) , G3BP KO does not restore arsenite-inhibited translation, as indicated by eIF2a phosphorylation and decreased puromycin incorporation ( Figures S4C and S4D) . Indeed, S-tdTomato and nucleocytoplasmic transport factors are not upregulated in G3BP KO cells, compared to the control ( Figure S4E ). Thus, G3BP KO suppresses arsenite-induced nucleocytoplasmic transport defects via inhibiting SG assembly rather than upregulating transport factors.
To confirm that GSK, ISRIB, and G3BP KO prevent nucleocytoplasmic transport factors to localize to sedimentable condensates in arsenite-treated cells, we repeated our fractionation experiments as performed in Figure 3A . As shown in Figures  4E and 4F , GSK or ISRIB treatment, or G3BP KO, causes a strong reduction of SG core protein Ataxin-2 in the P 18000 fractions in arsenite-treated cells (quantified in Figures S4F and  S4G ), consistent with an inhibition of SG assembly. Furthermore, Ran, Importin a1 and b2, and Nup205, but not RPL5, are also decreased in these fractions (Figures 4E, 4F, S4F, and S4G) . Together, our data suggest that arsenite disrupts nucleocytoplasmic transport by sequestering transport factors in SGs.
Dipeptide Repeat Proteins and Mutant TDP-43 Disrupt Nucleocytoplasmic Transport Disruption via Stress Granule Assembly
SGs have been suggested to contribute to ALS pathogenesis (Li et al., 2013) . For C9-ALS, overexpression of poly-GR or poly-PR induces spontaneous assembly of poorly dynamic SGs (Boeynaems et al., 2017; Lee et al., 2016) . As poly-GR/PR have also been shown to cause nucleocytoplasmic transport defects (Boeynaems et al., 2016; Jovi ci c et al., 2015) , we hypothesize that they also disrupt nucleocytoplasmic transport via SGs. In addition, cytoplasmic mislocalization of TDP-43 is the pathological hallmark of almost all forms of ALS, including C9-ALS (Davidson et al., 2016) , and transient overexpression of a cytoplasmically localized, truncated TDP-43 (TDP(cyto)) (Yang et al., 2010) has been shown to disrupt nucleocytoplasmic transport (Woerner et al., 2016) . As TDP-43 is a constituent of SGs, and some ALS-linked TDP-43 mutations alter SG dynamics, we hypothesized that TDP(cyto) also disrupts nucleocytoplasmic transport via SGs.
We co-expressed S-tdTomato with GFP-tagged poly-GR or PR (GFP-(GR) 50 or (PR) 50 ) (Wen et al., 2014) or GFPtagged TDP(cyto) in HEK293T cells for 24 hours and analyzed S-tdTomato localization. As expected, S-tdTomato is mislocalized in (GR) 50 -, (PR) 50 -, or TDP(cyto)-expressing cells ( Figure 5A ), suggesting disrupted nucleocytoplasmic transport. In addition, (GR) 50 , (PR) 50 , or TDP(cyto) induces SG assembly in HEK293T cells, as indicated by cytoplasmic Ataxin-2 puncta ( Figure 5B ). Interestingly, like cells treated with arsenite or sorbitol, expression of these ALS proteins causes nucleocytoplasmic transport factors including Ran, Importins, Exportin-1, and POM121 to localize to SGs ( Figures 5B and S5) . Together, these data suggest that transient overexpression of (GR) 50 , (PR) 50 , or TDP(cyto) induces SG assembly and localization of nucleocytoplasmic transport factors into SGs.
To determine whether SGs mediate nucleocytoplasmic transport defects caused by (GR) 50 , (PR) 50 , or TDP(cyto), we again used GSK, ISRIB, or G3BP KO to inhibit SG assembly. We first transiently co-expressed S-tdTomato with GFP-(GR) 50 , GFP-(PR) 50 , or GFP-TDP(cyto) in HEK293T cells and treated them with GSK or ISRIB for 5 hr. As shown in Figures 6A, 6B , and S6A, GSK or ISRIB partially suppresses S-tdTomato mislocalization in these cells. In addition, G3BP KO suppresses SG assembly and the S-tdTomato phenotype in response to GFP-(GR) 50 , GFP-(PR) 50 , or GFP-TDP(cyto) expression ( Figures  S6B-S6D ). As GSK, ISRIB, and G3BP KO do not decrease levels of (GR) 50 , (PR) 50 , or TDP(cyto) ( Figures S6C and S6D ), our data suggest that SG assembly also mediates nucleocytoplasmic transport disruption caused by poly-GR, poly-PR, or TDP(cyto).
Stress Granule Inhibitors Suppress Nucleocytoplasmic Transport Defects and Neurodegeneration in C9-ALS Models
We previously reported cytoplasmic mislocalization of Ran in iPS motor neurons (iPSNs) derived from C9-ALS patients (Zhang et al., 2015) . Given that inhibiting SG assembly suppresses nucleocytoplasmic transport defects caused by poly-GR, poly-PR, or TDP(cyto), we tested whether it also suppresses Ran mislocalization in these neurons. We first treated four independent C9-ALS iPSNs ( Figure S7A ) with either GSK or ISRIB. As shown in Figures  7A and S7B, these inhibitors suppress Ran mislocalization in a dose-dependent manner, with 0.5 mM GSK or 2 mM ISRIB showing the strongest suppression. Next, we treated C9-ALS iPSNs with Ataxin-2 antisense oligonucleotides (ASOs) that also suppress arsenite-induced SG assembly (data not shown), as has been shown for Ataxin-2 siRNA ( Figure S1D ). Two exon-targeting ASOs ( Figure S7C , #1 and #3) knock down Ataxin-2 and suppress Ran mislocalization in C9-ALS iPSN #1, whereas an intron-targeting ASO ( Figure S7C , #2) is ineffective ( Figure 7B ). Furthermore, ASO #1 suppresses Ran mislocalization in three other C9-ALS iPSNs ( Figure S7D ). Together, these data suggest that inhibitors of SG assembly suppress Ran defects in C9-ALS iPSNs. Consistent with these data, we detected a mild increase in phosphoeIF2a levels in C9-ALS iPSNs ( Figure S7E ), suggesting that C9-ALS iPSNs are constitutively under low levels of stress.
To study the effect of SG inhibitors in vivo, we employed a Drosophila model of C9-ALS/FTD (Xu et al., 2013) . By expressing 30 G 4 C 2 repeats using the UAS/GAL4 system, we previously showed that an NLS-and NES-tagged GFP reporter is mislocalized from the cytoplasm to the nucleus in salivary gland cells ( Figure 7C ) (Zhang et al., 2015) . Here, we show that feeding flies with 5 mM GSK or ISRIB suppresses these defects (Figure 7C) , suggesting that SG inhibitors suppress nucleocytoplasmic transport defects caused by the G 4 C 2 hexanucleotide repeat expansion in vivo. Furthermore, GSK and ISRIB do not decrease the amount of poly-GR protein ( Figure S7F ). Because poly-GR and PR are the only dipeptide repeat proteins toxic to flies among the five possibly expressed in C9-ALS/FTD (Mizielinska et al., 2014) , and the structure of UAS/GAL4 construct does not allow poly-PR expression, our data suggest that the effect of GSK and ISRIB on nucleocytoplasmic transport is not via downregulating toxic dipeptide repeat proteins.
Nucleocytoplasmic transport defects are a critical pathogenic event in yeast, fly, and mouse models, as well as C9-ALS/FTD patients (Freibaum et al., 2015; Jovi ci c et al., 2015; Zhang et al., 2015 Zhang et al., , 2016 . Importantly, genetic and pharmacologic modulation of nucleocytoplasmic transport modify neurodegeneration in C9-ALS fly models. For example, feeding C9-ALS flies with KPT-276, an analog of KPT-350, suppresses nucleocytoplasmic transport defects and neurodegeneration, whereas Nup50 RNAi or a dominant negative form of Ran (Ran DN ) enhances neurodegeneration. Given that SG inhibitors (B) . (C and D) Wild-type control or G3BP1/2 double knockout (G3BP KO) U-2 OS cells co-expressing S-tdTomato (red) and GFP-tagged (GR) 50 , (PR) 50 , or TDP(cyto) (green) stained with DAPI (blue) (C) . Quantification in (D) . N, nuclear; W, whole cell; n, numbers in graph. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented as mean ± SEM. See also Figure S6 . suppress nucleocytoplasmic transport defects in C9-ALS flies, we hypothesized that they might also suppress neurodegeneration. To test this hypothesis, we fed either GSK or ISRIB to flies expressing (G 4 C 2 ) 30 in the eye using GMR-GAL4. As shown in Figure 7D , both inhibitors significantly suppress eye degeneration in 15-day-old flies. Next, we fed either inhibitor to flies inducibly expressing (G 4 C 2 ) 30 in the nervous system, using elav gene-switch (elavGS), and analyzed their ability to fly. Induction of G 4 C 2 repeat expression with RU486-feeding during adulthood causes progressive flight impairment with aging (Zhang et al., 2015) that is suppressed by GSK and ISRIB ( Figure 7E ). In contrast, GSK and ISRIB do not affect the flight defect induced by Ran DN or Nup50 RNAi ( Figure S7G ). Together, our data suggest that inhibiting SG assembly suppresses neurodegeneration in a C9-ALS fly model by restoring nucleocytoplasmic transport.
DISCUSSION
Defects in nucleocytoplasmic transport have recently been shown in C9-ALS/FTD (Freibaum et al., 2015; Jovi ci c et al., 2015; Zhang et al., 2015) and Huntington's disease (GassetRosa et al., 2017; Grima et al., 2017) . In addition, overexpressing dipeptide repeat proteins or mutant TDP-43 or Huntingtin disrupts nucleocytoplasmic transport, suggesting a potentially common mechanism by which cytoplasmic protein aggregation impairs nucleocytoplasmic transport (Woerner et al., 2016) . Here, we show that diverse stressors, including those that cause C9-ALS/FTD, disrupt nucleocytoplasmic transport by localizing key factors including Ran, karyopherins, and Nups into SGs. These data suggest a general mechanism by which cytoplasmic protein stress inhibits nucleocytoplasmic transport.
How transport factors are recruited to SGs is unclear. One possible mechanism is that karyopherins are recruited to SGs through binding to the NLS or NES of their SG component cargos, such as TDP-43, FUS, and other hnRNPs. Indeed, the NLS-binding domain is required for Importin b2 to localize to SGs (Figure 3) . In this way, some Nups may also be recruited to SGs via their association with karyopherins (Otsuka et al., 2008) . Alternatively, Nups containing FG-repeat motifs also have a propensity to phase separate (Shi et al., 2017) , which may promote their recruitment to SGs.
Recruitment of TDP-43, FUS, and other disease-related, LCDcontaining proteins to SGs triggers their cytoplasmic deposition in vitro (Li et al., 2013) . However, many TDP-43 inclusions in ALS patients do not contain SG markers (Neumann et al., 2007) , suggesting that its recruitment to SGs may precede aggregate formation. Similarly, in cells transiently expressing poly-GR, poly-PR or TDP(cyto), Importins are also localized to cytoplasmic puncta other than SGs ( Figure S5A-B) , possibly representing aggregates. Consistent with these data, Importins and Nups have been previously shown to aggregate in ALS patients and mouse models (Kinoshita et al., 2009; Zhang et al., 2006) , suggesting that recruitment of these proteins to SGs may also trigger their aggregation. As a common response to stress, cells halt their protein synthesis by inhibiting translation initiation via eIF2a phosphorylation (Anderson and Kedersha, 2008) . Here, we show nucleocytoplasmic transport disruption upon stress, suggesting an alternative mechanism by which cells halt their protein synthesis. Indeed, a prior study has shown that stress suppresses the nuclear export of most mRNA (Saavedra et al., 1996) . In contrast, because many stress-response proteins such as heat-shock proteins do not require eIF2a for their translation initiation, stress does not inhibit their translation (Thakor and Holcik, 2012) . Furthermore, in accord with the cellular need for these proteins under stress, the export of their mRNAs is also selectively spared, due to specific nucleotide sequences that allow Ran-independent export. Hence, nucleocytoplasmic transport disruption is likely coupled with other cellular stress-response mechanisms.
While acute inhibition of nucleocytoplasmic transport may help cells cope with stress, chronic inhibition is likely detrimental. Indeed, loss of SG proteins Ataxin-2 or TIA-1 has been shown to suppress toxicity in yeast and animal models of ALS or tauopathies (Apicco et al., 2018; Elden et al., 2010; Kim et al., 2014) . In addition, ASOs against Ataxin-2 have been shown to suppress SG assembly as well as neuronal toxicity in a TDP-43 transgenic ALS mouse model (Becker et al., 2017) . In our study, SG inhibitors GSK, ISRIB, or Ataxin-2 ASO suppress neurodegeneration in a C9-ALS fly model and iPSNs (Figure 7 ), further supporting critical roles for SG assembly and nucleocytoplasmic transport disruption in the pathogenesis of these diseases. Importantly, ISRIB has been shown to be neuroprotective in prion-diseased mice without deleterious side effects (Halliday et al., 2015) , suggesting potential clinical translation. As SG assembly is a generic response to cytoplasmic protein misfolding, similar mechanisms may underlie the nucleocytoplasmic transport defects in other protein deposition diseases, including sporadic ALS and Huntington's diseases, where mislocalization and aggregation of nucleoporins in the cytoplasm has been observed (Grima et al., 2017; Zhang et al., 2015) . Hence, targeting SG assembly to prevent dysregulation of nucleocytoplasmic transport is a potential therapeutic approach for these diseases.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS
Transformed human cells HEK293T (of likely female origin due to lack of any trace of Y chromosome), SY5Y (of female origin), and U-2 OS cells (of female origin) were cultured in DMEM/F12 (GIBCO) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. For stressors, cells were cultured in the same media supplemented with 50 mM sodium arsenite or 0.4 M sorbitol. For KPT-350 experiments, 25 mM KPT-350 was dissolved in DMSO and added to cells to a final concentration of 25 mM. For KPT-350 treatment on S-GFP-expressing cells, after one-hour stress, the media was changed every 15 minutes together with fresh KPT-350 to wash out the stressors. All cells are maintained at 37 C in a humidified incubator supplemented with 5% CO 2 . Transfection was performed using Lipofectamine 3000 (ThermoFisher). Cells were fixed in paraformaldehyde 24-48 hours post-transfection.
Human iPS cells iPS cell generation and differentiation to motor neurons iPS motor neurons were generated as previously described (Zhang et al., 2015) . Briefly, patient fibroblasts were collected at Johns Hopkins Hospital with patient's consent (IRB protocol: NA_00021979) as described previously. iPSC lines were created and initially characterized with an NIH-sponsored commercial agreement with iPierian (USA) using the four-vector method. Sox2, Oct4, Klf4 and c-Myc encoding vectors were transduced into human fibroblasts using retrovirus delivery. Selected colonies were evaluated for expression of multiple pluripotent markers by quantitative PCR (qPCR) and/or immunocytochemistry. In vitro pluripotency was further determined by three germ layer differentiation via embryoid body formation. iPSCs were maintained in mTeSR1 (StemCell Technology) and passed once a week using dispase (StemCell Technology) following the manufacturer's instructions. Partially differentiated colonies were removed manually before differentiation analyses. The iPSCs were differentiated to neuroprogenitor cells, neurons and then motor neurons. At day 32 of differentiation, iPSC cells were treated with 20 mM Ara-C (Sigma) for 48 hours to eliminate iPS glial progenitor cells and enrich for iPSC neurons. iPSC neuronal cultures used for subsequent experiments were plated onto a confluent layer of mouse astrocytes. Media were changed every two days and cells were analyzed at day 50-60 of differentiation. Cells are maintained at 37 C in a humidified incubator supplemented with 5% CO 2 .
Drosophila genetics
Flies were raised and maintained on yeast-cornmeal-syrup food at 25 C unless otherwise indicated (see below). Stocks and crosses were transferred to new vials on a regular basis. 30 /+ were selected from the offspring and aged at 25 C for 15 days. Eye degeneration was quantified using a previously described method (Zhang et al., 2015) . Briefly, points were added if there was complete loss of interommatidial bristles, necrotic patches, retinal collapse, loss of ommatidial structure, and/or depigmentation of the eye.
For subcellular localization of GFP, OK371-GAL4; UAS-(G 4 C 2 ) 30 /TM6b, Tb, tub::GAL80 was crossed to UAS-NLS-NES(P12)/ TM6b, Tb (III) and non-Tb offspring were selected for analysis (NES(P12) is referred to as NES). For eye degeneration, GMR-GAL4, UAS-(G 4 C 2 ) 30 /CyO, twi-GAL4, UAS-GFP were crossed to Canton-S flies, and GMR-GAL4, UAS-(G 4 C 2 )
For the flight assay, elavGS (gene switch) was crossed to UAS-(G 4 C 2 ) 30 , UAS-Ran DN , or UAS-Nup50 RNAi. UAS/+; elavGS-GAL4/+ flies were selected and aged at 29 C on regular food supplemented with DMSO, 300 mM RU486, or 300 mM RU486 and 5 mM GSK2606414 (GSK) or integrated stress response inhibitor (ISRIB). Flies were transferred to freshly made food every 2-3 days. After 15 days, individual female flies were dropped into a graduated cylinder through a hole at the center of its lid. The cylinder was graduated into 12 zones of 25 mm each (top: 0; bottom: 12). The landing height was noted as the zone number in which the fly landed.
For GR dot blot, hs-GAL4 were crossed to UAS-(G 4 C 2 ) 30 ; UAS- (G 4 C 2 ) 30 /TM6, Tb, 30 ; UAS-(G 4 C 2 ) 30 /+ flies were selected and fed on food supplemented with DMSO, GSK, or ISRIB for 12 days at 25 C before moving to 37 C for one hour. The flies were then homogenized and whole tissue lysates were subjected to the dot blot.
METHOD DETAILS
Immunofluorescence staining and imaging For cultured cells, cells were fixed in 4% paraformaldehyde for 20 min and then penetrated in PBS with 0.1% Triton X-100 for 10 min (for Exportin-1 antibody staining, this step is skipped), followed by blocking in wash buffer (PBS, 0.1% Tween-20, and 2mg/mL Heparin) supplemented with 3% donkey serum and 5% glycine for 1 h. After that, cells were incubated with primary antibodies in wash buffer with 3% donkey serum for 16 hours at 4 C. Primary antibodies were used at 1:100 dilution. Next, cells were washed in wash buffer four times with 15 min each time at room temperature. Donkey secondary antibodies conjugated to Alexa Fluor 568, 488, and/or 633 (ThermoFisher) were used at 1:1,000 dilution in wash buffer with 3% donkey serum for 3 hours at room temperature. Cells were then washed in wash buffer four times for a total period of 1 h. For Drosophila salivary glands, tissues were dissected in prechilled PBS and fixed in 3.7% formaldehyde for 20 min, followed by penetration in PBS with 0.4% Triton X-100 (PBX) for 1 h. The tissues were then incubated with chicken anti-GFP (Abcam) at 1:1,000 dilution with 10% normal goat serum in PBX for 16 hours at 4 C. After that, tissues were washed several times in PBX for a total period of 8 hours at room temperature and then incubated with goat secondary antibodies conjugated to Alexa Fluor 488 in PBX+10% normal goat serum at 4 C for 16 hours. Tissues were then washed several times in PBX for a total period of 6 hours at room temperature. Cells or tissues were mounted in ProLong Antifade Gold with DAPI and subjected to confocal microscopy analyses.
Fixed cells or tissues were analyzed under an LSM780 or LSM800 confocal microscope (Carl Zeiss) with their accompanying software using Plan Apochromat 63 3, NA 1.4 objectives (Carl Zeiss) at room temperature. Images were captured by an AxioCam HRc camera (Carl Zeiss) and were processed using ImageJ/Fiji (National Institutes of Health). To quantify fluorescent or western blot intensities, after opening the images in ImageJ/Fiji, certain areas/bands were circled and the intensities were measured. Experiments were repeated three to five times. Four to six fields of views were randomly selected for cell quantifications. Each field of view typically contains one to three cells.
Stress granule separation, co-IP assay, and immunoblot Stress granules were separated as previously described with slight modifications (Wheeler et al., 2017) . Cells were resuspended in lysis buffer (5 mM Tris-HCl pH 7.4, 100 mM KOAc, 2mM Mg(OAc) 2 , and 0.5% NP-40) supplemented with protease inhibitor cocktail (Complete, Roche), lysed by passing through a 25G needle 5 times, followed by centrifugation at 1,000 g for 5 min. The supernatant was further spun at 18,000 g for 20 min. After that, the pellet containing stress granules was washed and resuspended in lysis buffer. For co-IP assays, cell lysate was precleared by protein A agarose beads for 30 min at room temperature and spun at 1,000 g for 5 min. The supernatant was incubated with GFP-TRAP A beads (ChromoTek) overnight at 4 C. The beads were subsequently precipitated by centrifugation at 1,000 g for 5 min and washed in lysis buffer three times at 4 C with 10 min each time. The beads were then resuspended in 50 mL lysis buffer and mixed with Laemmli buffer.
For immunoblot, the protein samples were heated in Laemmli buffer at 98 C for 10 min. The protein samples were run on 4%-15% SDS Mini-PROTEAN TGX Precast Gels (Bio-Rad) and transferred to nitrocellulose membranes. For dot blots, 2 mL protein samples were dotted on nitrocellulose membrane and then air-dried. TBST with 5% milk was used for blocking, except for the GR antibody that skipped this step. All primary antibodies were used at 1:1,000 dilution, except for mouse anti-b-Actin (Millipore) that was used at 1:5,000 dilution. The HRP-conjugated donkey secondary antibodies (Jackson ImmunoResearch) were used at 1:1,000 dilution, except for b-Actin and Importin a1, which was used at 1:5,000 dilution. All primary and secondary antibodies were diluted in TBST with 5% milk, except for the GR and phospho-eIF2a antibodies that are diluted in TBST.
Puromycin incorporation assay
Puromycin incorporation assay was performed as described (Kedersha et al., 2016) . U-2 OS cells were treated with 10 mg/mL puromycin for 15 minutes prior to lysis. Whole cell lysates were analyzed by SDS-PAGE followed by Coomassie staining or Western Blot using a puromycin antibody (Millipore). Drug treatment and/or feeding GSK and ISRIB were added to cell culture media or fly food at indicated concentrations. For HEK293T cells, the chemicals were added 4 hours prior to fixation. For iPSNs, the chemicals were added 5 days prior to fixation and replenished every two days when changing the media. For flies, OK371-GAL4; UAS-(G 4 C 2 ) 30 /TM6b, Tb, Tb (III) were crossed on cornmeal-molasses-yeast fly food supplemented with the chemicals, and their offspring raised on the same food until third instar larval stage for GFP analysis. For adult flies used in eye degeneration and flight assays, newly-eclosed flies were raised and aged on food supplemented with the chemicals. Flies were transferred to freshly-made food every two days.
ASOs were added to iPSN media only once with a final concentration of 5 mM, 5 days prior to fixation.
QUANTIFICATION AND STATISTICAL ANALYSIS
Student's t tests were used for comparisons between two samples. For multiple comparisons to the same sample, one-way ANOVA was used followed by Dunnett's tests. For comparisons in the G3BP KO experiments with stressors, two-way ANOVA was used followed by Sidak's tests ( Figures 4D, S4C-S4E , and S4G). Statistical analyses were performed using GraphPad Prism 7 software. (legend continued on next page) (E) Immunoblots showing the efficiencies of siRNA against Ran or Importin a1 or b2. (F) HEK293T cells co-expressing S-tdTomato (red) with control (left column), Ran (middle column), or Importin a1 (right column) siRNA were stained with Ataxin-2 (green) and DAPI (blue). Nuclear S-tdTomato was quantified at the bottom. Ctrl: control; N: nuclear; W: whole cell. Number of cells measured (n) for each condition indicated in graph. ns: not significant; *: p < 0.05; **: p < 0.01; ****: p < 0.0001. Data are represented as mean ± SEM. 
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